oskar is the only gene in the animal kingdom necessary and sufficient for specifying functional germ cells [1, 2] . However, oskar has only been identified in holometabolous (''higher'') insects that specify their germline using specialized cytoplasm called germ plasm [3] . Here we show that oskar evolved before the divergence of higher insects and provide evidence that its germline role is a recent evolutionary innovation. We identify an oskar ortholog in a basally branching insect, the cricket Gryllus bimaculatus. In contrast to Drosophila oskar, Gb-oskar is not required for germ cell formation or axial patterning. Instead, Gb-oskar is expressed in neuroblasts of the brain and CNS and is required for neural development. Taken together with reports of a neural role for Drosophila oskar [4] , our data demonstrate that oskar arose nearly 50 million years earlier in insect evolution than previously thought, where it may have played an ancestral neural role, and was co-opted to its well-known essential germline role in holometabolous insects.
Results and Discussion
Animal germ cells can be specified either through the cytoplasmic inheritance of maternally deposited germ plasm or through inductive cell signaling [5] . In Drosophila melanogaster, germ cells form by incorporating germ plasm deposited and localized at the oocyte posterior. Germ plasm assembly requires oskar [6] , which is necessary and sufficient for germ cell specification [1, 2] . Oskar is localized at the oocyte posterior, where it promotes the accumulation of conserved germline factors including Vasa, PIWI, and Tudor proteins [7] and induces posterior patterning by recruiting nanos mRNA [8] . Despite its essential role in Drosophila germ cell formation and axial patterning, oskar has only been identified in the genomes of a small number of holometabolous insects, all of which specify their germ cells via germ plasm [3] . In contrast, oskar is absent from the genomes of holometabolous insects that lack germ plasm, and neither oskar nor germ plasm have been identified in any insect taxa that branch basally to Holometabola [3] . The prevailing hypothesis is therefore that oskar arose as a novel gene at the base of Holometabola coincidentally with the evolution of insect germ plasm [3] .
Here we report the first discovery of an oskar ortholog in a basally branching insect that lacks germ plasm, the cricket Gryllus bimaculatus (Orthoptera). We unexpectedly detected Gb-oskar in a combined Gryllus ovarian and embryonic de novo transcriptome. Three lines of evidence confirm that Gb-oskar is a bona fide oskar ortholog. First, Gb-Oskar is the reciprocal best protein BLAST hit against the protein products of all known oskar genes from flies, mosquitoes, ants, and the wasp Nasonia. Second, Gb-oskar encodes the LOTUS (aka OST-HTH) and SGNH hydrolase domains that characterize all oskar orthologs [3, 9, 10] (Figures 1A and see Figure S1 available online). Physicochemical conservation is pronounced within both the LOTUS and SGNH hydrolase domains of Gb-Oskar (37.1% and 36.3%, respectively), while amino acid identity is less strongly conserved (11.4% and 21.2%, respectively), consistent with previous observations of oskar orthologs [3, 11] . Third, phylogenetic reconstruction clearly places Gb-oskar with other known oskar genes and not within the tdrd7 genes ( Figure 1B ), a conserved metazoan gene family that also contains the LOTUS domain [9, 10] . Thus, in contrast to previous hypotheses that oskar first arose in the lineage leading to the Holometabola [3] , our analyses demonstrate that oskar was present at least w50 million years earlier than previously thought [3] in the common ancestor of Orthoptera and Holometabola [12] .
The presence of oskar in the genome of an insect branching basal to the Holometabola is surprising because neither germ plasm nor pole cells have been described in any of these taxa. Instead, germ cells are thought to arise from the mesoderm during midembryogenesis in orthopterans [13] and most other early diverging insects [14] . We therefore asked whether Gb-oskar plays a conserved role in germ cell formation in Gryllus or whether this function arose later during insect evolution. We examined the expression of Gb-oskar mRNA and protein ( Figure S2 ) during oogenesis and embryogenesis. In stark contrast to oskar expression in Drosophila [15] and Nasonia [3] , Gb-oskar mRNA and protein do not accumulate at the posterior of Gryllus oocytes and instead are distributed ubiquitously throughout all stages of oogenesis (Figures 2A-2D ). In just-laid eggs, Gb-oskar mRNA does not localize posteriorly and is barely detectable by in situ hybridization ( Figure 2E ), although RT-PCR confirms that Gb-oskar is expressed throughout all stages of embryogenesis ( Figure 2J Figures S2G and S2H ) expression, arise during abdominal segmentation stages, but expression of both Gb-oskar mRNA and Gb-Oskar protein remains at low levels in all embryonic cells throughout these stages and does not become enriched in primordial germ cells before or during their formation ( Figures 2G and 2G 0 ). The expression pattern of Gb-oskar therefore does not support a role for this gene in germ cell formation.
To directly test whether Gb-oskar is functionally required for germ cell formation in Gryllus, we knocked down Gb-oskar function during oogenesis and embryogenesis using maternal RNAi (mRNAi) and embryonic RNAi (eRNAi), respectively [16] (Figures 2, S3A , and S3B). In contrast to Drosophila and Nasonia, maternal knockdown of Gb-oskar did not reduce egg laying (Figure S3C ), affect ovary morphology, or impede the progress of oogenesis ( Figure S3D ). Embryonic Gb-oskar knockdown did not cause any of the posterior patterning defects seen in Drosophila osk mutants [6] ( Figure S3E , Table  S1 ), and these embryos were morphologically wild-type and hatched at normal rates ( Figure S3F ). These data show that in contrast to the known requirement for oskar in anteriorposterior (A-P) axial patterning in holometabolous insects [3, 6] , oskar does not direct Gryllus axial patterning. Further, Gb-oskar eRNAi embryos produced germ cells that expressed Gb-Piwi and Gb-Vasa ( Figures 2K-2N ) and ultimately produced functional ovaries in adulthood ( Figure 2P ).
In contrast to the essential and conserved role that oskar plays in Holometabolous germ cell formation [3, 8] , our analyses of Gb-oskar gene expression and function show that this gene is not required for germ cell formation in Gryllus. We therefore hypothesized that Gb-oskar has a distinct somatic function in Gryllus that may reflect an ancestral function for this gene. Consistent with this hypothesis, we observed that Gb-oskar has a specific somatic expression pattern during midembryogenesis: Gb-oskar mRNA and protein are enriched in neuroblasts along the A-P axis ( Figures  3A-3C 00 ). Neuroblasts are neural stem cells that arise from the ventral ectoderm and produce neurons of the CNS in Drosophila and other Pancrustacea (insects and crustaceans) [17] . Gb-oskar expression in the neuroblasts begins during the earliest stages of neurogenesis and persists throughout all stages examined. In addition to this embryonic expression pattern, Gb-oskar is also expressed in the adult brain ( Figure 2J ).
We examined embryonic nervous system development in Gb-oskar knockdown conditions and found that Gb-oskar eRNAi embryos exhibit morphological defects of the axonal Figure S1 for alignment showing amino acids). Sequence identity at the amino acid level is not strongly conserved (top graph), but physicochemical conservation is more pronounced (bottom graph), specifically within the conserved LOTUS (blue) and SGNH hydrolase (red) domains in all three proteins, meaning that the chemical properties of these domains are conserved at a local level despite amino acid divergence and suggesting that these regions may represent functional domains of Oskar. (B) Phylogenetic reconstruction of Gb-oskar with known oskar (green) and tdrd7 (black) orthologs. The best-scoring unrooted ML topology is shown: bold, ML bootstrap values; italics, Bayesian posterior probability.
tracts that are consistent with an impairment of neuroblast divisions: lateral connectives are often broken or reduced in width compared to controls ( Figures  3D-3D 00 , p < 0.001), anterior commissure formation is significantly delayed or absent ( Figures 3E-3E 00 , p < 0.01), and posterior commissure formation is similarly disrupted (Figures 3F-3F 00 , p < 0.025). These axonal defects suggest that Gb-oskar may be required for proper neuronal determination and are reminiscent of the axonal scaffold defects of Drosophila miranda and prospero mutants, which disrupt neuroblast divisions resulting in neuronal misspecification [18] .
Aberrant neuroblast divisions can be assayed by examining the expression of even-skipped, which is expressed in a stereotyped subset of ganglion mother cells and neurons within each segment, including the aCC and pCC neurons that are homologous across insects [19] . We found that 34.5% of Gb-oskar eRNAi embryos displayed significant defects in aCC/pCC specification ( Figures 3G-3G 00 , p < 0.01) that were never observed in controls, indicating that Gb-oskar is required for proper neuroblast division.
Our results demonstrate a role for Gb-oskar in the development of the cricket CNS, in contrast to its well-known role in germ plasm formation in holometabolous insects. These divergent functions of oskar suggest at least two possible evolutionary scenarios. First, oskar's ancestral role in insects could be that of germ plasm assembly as seen in Drosophila, and the CNS function we report here could be a derived trait in the branch of the insect tree leading to Gryllus. However, several lines of evidence support a second scenario, whereby oskar's neural function is ancestral to Orthoptera (crickets, locusts, and grasshoppers) and Holometabola, which diverged approximately 380 million years ago (Mya) [12] , thus implying that its role in assembling germ plasm is a derived trait in higher insects (Figure 4) . In support of this interpretation, we note that insect germ plasm itself is thought to be a derived trait within insects and unique to Holometabola [5] , consistent with our observation that Gryllus possesses an oskar ortholog yet lacks germ plasm. Moreover, in Drosophila adults, oskar is expressed in the brain and is required for place learning, as are several other Drosophila genes with germline functions [4, 20] , suggesting that these genes may have an ancient association with the nervous system.
Multiple Drosophila genes originally characterized for their role in germ cell development, including nanos, pumilio, and Staufen, have subsequently been shown to function in the nervous system, where they regulate translation in such processes as dendrite morphogenesis, synaptic growth, asymmetric neuroblast divisions, and neuronal specification [4, [21] [22] [23] . The co-occurrence of multiple germ plasm genes in the CNS of D. melanogaster raises the intriguing possibility that these genes may function within an evolutionarily conserved functional module [24] , which could facilitate their co-option to a novel context such as holometabolous germ plasm. Consistent with this hypothesis, we find that Gb-vasa mRNA and protein are coexpressed with Gb-oskar in neuroblasts ( Figures S2I-S2K ), suggesting that a functional link between oskar and other germline genes predates the evolution of germ plasm. Moreover, expression of germline genes in the nervous system has also been observed in other insects belonging to both Hemimetabola (piwi in aphids [25] ) and Holometabola (vasa in ants [26] ).
If oskar were to acquire expression in germ cells due to its functional linkage with other germ plasm genes, an evolutionary change in its transcriptional, translational, or functional regulation might then have feasibly allowed its co-option to a critical function in the germline specification pathway. Consistent with this possibility, we note the presence of extremely low levels of Gb-oskar in Gryllus germ cells ( Figures 2G and  2G 0 ), although it appears to play no essential germ cell function ( Figures 2K-2P ). Co-option of oskar to assemble germ plasm probably involved molecular evolution of its regulation and function; accordingly, we find that Gb-oskar is not regulated by Drosophila oskar translational machinery in Drosophila oocytes or embryos ( Figure S4 , Table S2 ), suggesting that oskar's translational regulation mechanisms have evolved extensively in the lineage leading to Drosophila. However, it is also possible that specific features of the Gb-oskar coding sequence, or its incompatibility with Drosophila UTRs, may have prevented the translation of Gb-Oskar in our transgenic experiments.
We have shown that oskar was present nearly 50 million years earlier in insect evolution than previously thought [3, 12] and must therefore have been lost several times in Figure S2 ; validation of Gb-oskar eRNAi is shown in Figure S3 . Absence of a role for Gb-oskar in axial patterning is shown in Figure S3 and Table S1 . , and (C 00 ) show single optical sections of Gb-Osk expression (red, Gb-Osk; cyan, nuclei), revealing the highest levels of Gb-Osk expression in neuroblasts (cells with large nuclei and diffuse chromatin; arrowheads) and absent or lower levels in neuroblast daughter cells (cells with smaller, denser nuclei; asterisks). Bright staining near midline of head in (A 0 ) and (A 00 ) is nonspecific staining of the extraembryonic membranes. Large panels of (B 00 ) and (C 00 ) show single optical sections through T3 and A5 neuromeres, respectively; anterior is on top in both central panels. Yellow framed boxes to the left and bottom of (B 00 ) and (C 00 ), respectively, show orthogonal sections at the plane indicated by yellow arrowheads in the large panels; in these orthogonal sections, ventral is on the right in (B 00 ) and on top in (C 00 ). White arrowheads indicate Gb-Osk-expressing neuroblasts immediately dorsal to the ectoderm and ventral to the underlying daughter neurons and neuronal precursors (asterisks), which show little to no expression of Gb-Osk. (Figure 4) . Indeed, completely sequenced genomes of holometabolous insects lacking germ plasm or pole cells confirm that oskar has been lost in these lineages [3] . Germ cell specification via germ plasm is thought to have arisen independently in multiple bilaterian taxa [5] , but how germ plasm evolved has remained unclear. Our results suggest a novel molecular mechanism for this process in insects: co-option of the oskar gene into the top of the germ plasm assembly hierarchy.
Experimental Procedures
Animal Husbandry, Gene Expression, and Functional Analysis G. bimaculatus husbandry, gene expression analysis, RNAi experiments, egg-laying analysis, and axonal scaffold visualization were carried out as previously described [16] .
Gene Cloning and Phylogenetic Analysis
Full-length Gb-oskar was recovered from a G. bimaculatus transcriptome and its identity confirmed by both Bayesian and Maximum Likelihood analysis. Details of sequence analysis are available in Supplemental Experimental Procedures.
Antibody Generation
Rabbit polyclonal antibodies were raised against an N-terminal and a C-terminal peptide from Gb-Oskar (Figures S1 and S2A) (Open Biosystems), recombinant proteins of full-length Gb-Vasa, and a 774 amino acid fragment of Gb-Piwi (McGill Biology CIAN facility). Details of antibody construction and validation are described in Supplemental Experimental Procedures.
Accession Numbers
The Genbank accession numbers for the Gb-oskar, Gb-piwi-like, and Gbtdrd7 sequences reported in this paper are JQ434102, JQ434103, and JQ434104, respectively.
Supplemental Information
Supplemental Information includes four figures, two tables, and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.org/10.1016/j.cub.2012.10.019. Species shown have sequenced genomes, allowing unambiguous determination of the presence or absence of an oskar ortholog; dotted lines indicate exceptions to this rule and show taxa in which pole cells and/or germ plasm have been observed but that lack available genome sequence. oskar is absent from the sequenced genomes of noninsect arthropods (light gray lines). Boxes indicate proposed origin of oskar in the last common ancestor of Holometabola and Hemimetabola (blue) and putative co-option of oskar to a germline role in the Holometabola (red). Circles indicate that oskar plays known roles in the nervous system (blue) or presumably in the germline (red); circles outlined in black indicate that there is functional evidence for the described role. Evidence for evolution of oskar translational regulation in the lineage leading to D. melanogaster is shown in Figure S4 and Table S2. this work. We thank Elke Kü ster-Schö ck of the McGill Biology Cell Imaging
